Wilms' tumour 1 (WT1) is a transcription factor and a tumour suppressor, essential for the development and homeostasis of multiple tissues derived from the intermediate and lateral plate mesoderm. Germline WT1 mutations result in the eponymous paediatric kidney cancer, genitourinary anomalies and in some cases congenital diaphragmatic hernia One common feature in Wilms' Tumours (WT), is upregulation of IGF2 through genetic and/or epigenetic mechanisms. Recent studies have identified both somatic and germline mutations in microRNA processing genes (MIRPG) in WT. Whether these different epigenetic and genetic causes converge on common targets and the mechanisms by which they act are still unclear. WT1 is involved in RNA binding and regulates the RNA stability of important developmental genes. We now show that WT1 interacts with let-7 family of microRNAs, and the absence of WT1 results in reduced levels of mature microRNA in cell lines and kidney mesenchyme. As a consequence, let-7 targets, including Igf1 receptor (Igf1r), are upregulated in the absence of Wt1, thus confirming the presence of a WT1-let7-Igf1r axis. These findings suggest a possible mechanism by which WT1 mutations
lead to WT, and reinforce the idea that the perturbation of the microRNA and IGF signalling pathways are important contributing factors in the aetiology of WT.
Introduction
Wilms' Tumour (WT) is a paediatric kidney disease that may arise from germline mutations in the tumour suppressor genes WT1 or WTX. The incidence of WT is approximately one in every 10,000 (Charlton and Pritchard-Jones, 2016) . Germline mutations of WT1 also lead to other genitourinary abnormalities, and, in some rare cases, congenital diaphragmatic hernia (Hastie, 2017) . Some of the overgrowth syndromes, such as Beckwith-Wiedemann Syndrome (BWS) and Perlman Syndrome, also have an increased risk of Wilms' Tumour. The mechanisms contributing to WT are complex. For example, both WT1 mutations and IGF2 upregulation (brought about by genetic and/or epigenetic changes), have now been shown to be present in WT as well as BWS patients. This is also true in the mouse model, where Wt1 deletion along with activation of Igf2 signalling leads to WT (Hu et al., 2011) . Other categories of mutations include stabilization of β catenin and p53 mutations (especially in some anaplastic tumours) (Bardeesy et al., 1994) .
Recent studies with patient samples have used targeted exome sequencing to categorize additional mutations in WT. Apart from the genes that are involved in kidney development, a new category of mutations in the microRNA processing pathway (Wegert et al., 2015 , Gadd et al., 2017 , Ludwig et al., 2016 was identified.
Thus, the driver mutations can now be divided into two major categories; nephron differentiation (WT1, SIX2, METT), and the microRNA processing gene (MIRPG) pathway (DICER, DIS3L2, DROSHA, DGCR8). The microRNA processing pathway is a highly co-ordinated regulatory programme that regulates RNA levels, thereby affecting protein levels as well. The microRNA pathway consists of the following steps: i) transcription of the primary microRNA (pri-miRNA) from the genome by a Pol-II driven mechanism, ii) followed by the action of the microprocessor complex, composed of DGCR8 and DROSHA, which recognises the stem loop structure and the sequence of the pri-miRNA, which is then cleaved to form the premature microRNA (pre-miRNA), iii) The pre-miRNA is then exported to the cytoplasm by the exportin 5 complex, iv) where the double-stranded pre-miRNA is then recognized by DICER, which along with other proteins, further processes it and forms mature microRNA. The mature microRNA consists of two strands, the guide RNA and the passenger RNA, v) The guide RNA is then loaded onto the RNA induced silencing complex (RISC) complex, that comprises Argonaute (AGO 1/2). The RISC is then capable of silencing gene expression by different mechanisms that include deadenylation, translational repression and degradation mainly by targeting the 3'UTR of the mRNAs (Winter et al., 2009 ).
The MIRPG mutations identified in WT are mostly somatic, except those in DICER, which in some cases were also germline (Palculict et al., 2016) . The microRNA pathway has also been indirectly linked to WT. Recent studies have shown that the MIRPG-mutation associated with WTs also converge on the IGF signalling pathway through transcriptional mechanisms (Hunter et al., 2018) . The Perlman overgrowth syndrome, characterized by an increased susceptibility to WT, arises because of mutations in the exoribonuclease DIS3L2, which is involved in degradation of oligouridylated transcripts, including microRNA let-7 (Astuti et al., 2012 , Chang et al., 2013 . One of the recent mouse models of WT was created by overexpressing LIN28 in the kidney mesenchyme where WT1 is usually expressed (Urbach et al., 2014) .
The RNA binding protein LIN28 is involved in the homeostasis of the microRNA let-7 pathway by binding to let-7 microRNAs and preventing their translational repression (Tsialikas and Romer-Seibert, 2015, Viswanathan et al., 2008) . Although a global reduction in microRNA levels was observed in the LIN28 mouse model study, the introduction of let-7g resulted in tumour regression, suggesting the let-7-LIN28 microRNA pathway to be the one of the underlying cause of WT manifestation and tumour pathogenesis.
Wilms Tumour 1 (WT1) protein is one of the major tumour suppressor proteins that is associated with WT. The transcription factor role of WT1 has been considered to be responsible for the cellular changes observed in WT. However, we have recently shown that WT1 is also a regulator of RNA stability and that its role in posttranscriptional regulation is equally important in development (Bharathavikru et al., 2017) . We had also observed in this study that WT1 interacts with microRNAs.
We decided to investigate if WT1 played a role in the microRNA processing pathway, especially in the let-7 microRNA pathway, since the let7-LIN28 pathway has been previously shown to be associated with WT.
WT1 interaction with microRNAs is enriched in the cytoplasmic compartment suggesting that the interaction occurs after the microprocessor activity. Detailed analysis of microRNA expression shows that, in the absence of WT1, there is a defect in the microRNA processing step, which can be regained by a transient induction of WT1. The most significant category of microRNAs that responds to the levels of WT1 is the let-7 family. WT1 interacts with the microRNA processing pathway proteins and thus modulates the microRNA processing pathway. The microRNA processing defect is also observed in kidney mesenchyme deleted for Wt1 using a Nestin-cre Wt1 conditional mouse model. In WTs, there is a decrease in the mature microRNA let-7 levels in samples with WT1 mutation or loss. Further analysis of let-7 targets shows a significant upregulation of Igf1r that impinges on the IGF signalling pathway. All these observations suggest that the dysregulation of the microRNA let-7 pathway and the downstream Igf1r modulation is one of the contributing causes of WT. Sequencing of Hybrids) and RNA immunoprecipitation (RIP), was done in mesonephric M15 cells (Bharathavikru et al., 2017) . This showed different noncoding and small RNA subtypes, of which microRNA was one of the common enriched categories ( Fig. 1A, S1B ). Due to the technical differences of the two RNA pulldown techniques, the proportion of the subtypes identified by each technique differ. The comparison of WT1-interacting microRNA to the input control identified by FLASH is depicted in Fig. 1B , which shows a characteristic bimodal pattern of enrichment. The interaction with microRNAs was confirmed by northern blotting using probes specific for the mature microRNAs let-7c, let-7g and U6 (Fig. 1C, S1C) . The microRNAprocessing pathway has both nuclear and cytoplasmic components. The nuclear compartment is the site for the pri-microRNA to pre-microRNA processing. The pre-microRNA is then transported to the cytoplasm, where the pre-microRNA is processed to mature microRNA ( Fig.1D ). WT1 is known to shuttle between the nucleus and cytoplasm (Niksic et al., 2004) ; and hence, we performed subcellular fractionation ( Fig.S1D ) followed by WT1 RIP to identify the compartment where WT1-microRNA interaction occurs. WT1-interacting microRNAs were analysed, using primers specific for the pre-processed and processed microRNAs as depicted in Fig. S1A . Both the premature and the mature microRNA let-7c were both found to interact with WT1, and the maximum enrichment of WT1-interacting microRNAs was identified in the cytoplasmic compartment (nearly 100 fold more than the nuclear compartment) ( Fig. 1D) . This indicates that the WT1 microRNA-interaction occurs from the DICER node of the microRNA processing pathway.
Results

Tumour suppressor WT1 interacts with microRNAs
WT1 regulates microRNA levels
WT1 interaction with both the pre-as well as the mature microRNA suggest that the WT1-RNA complex could be involved in either microRNA targeting or microRNA processing. Since in an earlier study, we used FLASH to identify WT1 interaction with RNA hybrids (Bharathavikru et al., 2017) , showing preferential enrichment towards the 3' UTR of the transcript, we decided to assess if any significant WT1- Although microRNA-mRNA hybrids were identified, these did not show any change in expression; only a few were downregulated in expression (Table S1 ).
These observations suggest that WT1-microRNA interaction was most likely to be involved in the microRNA-processing pathway. Hence, we decided to investigate whether there were any changes in miRNA levels in WT1 expressing cells. Since multiple let-7 microRNAs were found to interact with WT1 and let-7c was present in both RIP and FLASH datasets (Bharathavikru et al., 2017) , it was selected as one of the representative microRNAs for most of the validation studies. Northern blotting analysis of cells where WT1 is depleted (Wt1 knockdown M15 cells or Wt1 knockout embryonic stem (ES) cells) showed a downregulation of mature miRNA let-7c levels (Panel I, Fig. 2A and 2B ) and an increase in the pre-microRNA levels (Panel II, Fig.   2A and 2B), suggesting that, in the absence of WT1, the microRNA processing pathway is defective from the dicer node of the pathway. In general, we observed a decrease in mature microRNAs in cells lacking WT1 ( Fig.S2A ), which was validated using individual microRNA specific primers for a representative subset.
Since WT1 regulation of microRNA let-7 was affected more in the ES cells, we decided to investigate whether WT1 itself could regulate microRNA levels in these cells. Knockout ES cells were transiently transfected with a plasmid expressing the +exon5/+KTS isoform of WT1 ( Fig. S2B) . In the plasmid, the expression of WT1 is under the influence of doxycycline (dox) regulation, hence, dox treatment was used to titrate the levels of WT1. Induction of WT1 was confirmed by western blotting (Fig.S2C ). Accordingly, northern blots revealed that, within 4 hours of dox induction, there was a slight increase in the let-7 microRNA levels that further increased upon 12 hours of dox treatment and saturated by 24 hours of treatment ( Fig. 2C, panel I) with a corresponding downregulation of premature microRNA let-7c, detected by qPCR ( Fig. 2C, Panel II) . To visualise the overall pattern of microRNA expression changes, we performed microRNA sequencing and compared the expression of 637 detectable microRNAs across four samples with varying expression levels of WT1: knockout ES cells without dox (KU), dox 12 hours (D12), dox 24 hours (D24) and ES cells treated with retinoic acid for 5 days (ERA) (Fig. 2D) . We correlated the expression of each microRNA with WT1 expression across the four samples and observed a highly correlated cluster of miRNAs that included let-7 miRNAs (Fig. 2D) .
Indeed, the expression of 9 detectable mature let-7 transcripts appeared to increase with higher WT1 levels (i.e. from Ku to ERA, Fig.S2D ). It can be concluded that the transient induction of WT1 is sufficient to increase the microRNA levels, and especially the levels of microRNA let-7, in Wt1 knockout ES cells. expression. Therefore, we decided to investigate whether LIN28 plays a role in WT1mediated microRNA processing. As expected, Wt1 levels increase across the 5 days of RA treatment in the wildtype cells, whereas the KO ES cells do not respond in a similar manner ( Fig.S2E ). Lin28 levels, however, showed minimal differences between wildtype and knockout cells across the same time course ( Fig. S2E ).
Steady
WT1 interacts with the microRNA pathway components
Earlier studies have shown accumulation of pre-microRNAs when MIRPG is deleted (Lee et al., 2004) . Hence, western blotting analysis of the microRNA processing pathway components including DROSHA, DDX5 and AGO proteins was performed.
We did not see any significant changes of these proteins, corresponding to the presence or absence of WT1 both in ES cells and M15 cells ( Fig. 3A) . Thus, the observed defect in the microRNA processing (accumulation of pre-processed miRNA), in the absence of WT1, is not due to any alterations in the microRNA processing machinery and is independent of the LIN28 axis.
In order to gain insights into whether WT1 regulates microRNA processing directly or through indirect mechanisms, Immunopulldowns (IPs) were used to assess if any of the microRNA biogenesis pathway proteins (from the DICER step onwards), are WT1 interacting proteins ( Fig. 3B ). It has been previously shown that WT1 interacts with the microRNA pathway components DICER and AGO2 (Akpa et al., 2016) . WT1 interaction with AGO1 and AGO2 was confirmed in the mesonephric cells ( Fig. 3B) .
The GW protein family (TNRC6a/b/c), which act as adaptor proteins for AGO interactions (Pfaff et al., 2013 , was also assessed. GFP tagged GW182 was overexpressed in cells expressing WT1 and subjected to IP with antibody against GFP and immunoblotted against WT1 antibody which showed a positive interaction with WT1 ( Fig. 3C) . Thus, the microRNA processing pathway proteins AGO 1/2, GW adaptor protein were found to interact with WT1 implying an association of WT1 with the microRNA processing machinery.
The WT1-AGO interaction, suggests that the WT1-AGO complex will have an increased affinity to the mature microRNAs. In order to confirm this hypothesis, we performed double RIP experiments where cells were subjected to an initial round of RNA immunopulldown against WT1 and the eluted WT1-RNA bound complex was processed for a second RNA immunopulldown using an antibody against AGO2.
WT1 interaction with pre-miRNA let-7 was considerably higher than the AGO-pre-miRNA association. Individual RIP of AGO and WT1 showed similar enrichment of mature let-7, whereas the mature let-7 bound to the WT1-AGO complex showed a much higher enrichment (Fig. 3D) . The WT1-AGO bound RNA was subjected to a low depth FLASH analysis and the single reads were found to be significantly different from the WT1 bound RNA complex. The WT1-AGO interacting RNA component had a larger proportion of noncoding RNAs of which the microRNA component was more than 60% (Fig. S3A) . The individual plots of let-7 microRNAs identified in the WT1-AGO bound RNA cluster in comparison to the WT1 bound RNA cluster showed increased reads with the WT1-AGO complex (Fig. S3B) .
The WT1-microRNA let-7-Igf1r axis in the kidney mesenchyme
The physiological relevance of the regulation of let-7 microRNA levels would reflect on the expression of the mRNA targets that are regulated by let-7. Let-7 microRNA levels are downregulated in the absence of WT1, indicating a possible upregulation of its corresponding target genes. To investigate this, we analysed the levels of a representative subset of TARGETSCAN predicted let-7 targets in Wt1 knockdown M15 mesonephric cells . Two of the predicted let-7 targets, Lin28 and, more strikingly, Igfr1 showed significant upregulation upon Wt1 knockdown (Fig. 4A) , whereas the other predicted targets were either unaffected or downregulated. The likely explanation for this is that most of these are validated WT1 transcriptional targets (eg: Co1a1, Igf2), positively regulated by WT1 (Motamedi et al.,2014) , as well as other downstream pathways regulated by WT1 transcriptional targets.
We have previously shown that WT1 stabilizes mRNAs (Bharathavikru et al., 2017) .
Many of the let-7 targets did not show any appreciable 3' UTR interaction, nor change in expression with WT1. However, Igf1r, which does not interact with WT1, showed an upregulation in expression in the absence of WT1 (Fig. 4A) . To confirm that the changes in Igf1r levels are indeed through mechanisms other than transcription, an RNA stability assay was performed in cells treated with actinomycin which were assessed for the RNA levels of Igf1r after different time points, which revealed that the upregulation was mostly post-transcriptional in nature ( Fig. 4B) .
WT1-mediated regulation of the microRNA let-7 pathway was observed in two different cell lines expressing WT1. To confirm whether this was relevant in a physiological context, Wt1 was deleted in the kidney mesenchyme using the Nestincre Wt1 conditional mouse line and the Wt1 GFP knockin model (Essafi et al., 2011) .
Embryonic day E13.5, metanephric mesenchyme cells from gfp control (GFP positive, Wt1 co/gfp ) and Wt1 deficient (GFP positive, Nes cre Wt1 co/gfp ) genotypes were sorted by FACS to isolate the populations of GFP positive cells. RNA purified from the control and mutants was assessed for microRNA levels. In the mutants, mature let-7 microRNA expression was downregulated whereas, pre-mature miR let-7 was significantly upregulated consistent with the observation in cell lines ( Fig. 4C) .
Correspondingly, in Wt1-deleted kidney mesenchyme, the Igf1r levels show significant upregulation as compared to the controls (Fig. 4C) , suggesting that the WT1-let-7-Igf1r axis is functional in the tissue context. (Fig. 4D) . In comparison to unmutated WTs, MIRPG samples displayed altered microRNA expression levels, including downregulation of let-7c, let-7g and miR181 (Fig. 4D) .
Supporting the role of WT1 in microRNA processing, samples with WT1 mutation showed remarkably similar microRNA expression levels to MIRPG mutated samples ( Fig. 4D) . Due to the FFPE samples used for analysis, the expression of the pre microRNAs could not be assessed. All the observations suggest that WT1 mediated regulation of microRNA let-7 expression is relevant both in the context of mouse nephrogenesis as well as in WT. Thus, it can be concluded that WT1 interacts with and facilitates the processing of a subset of microRNAs, in particular the let-7 family, leading to the modulation of the IGF signalling pathway (Fig.S4 ) through IGF1R levels.
Discussion
In this study, we show that WT1 interacts with and regulates microRNAs, especially the let-7 family. This interaction was of a bimodal pattern, suggesting a possible interaction of WT1 with the stem region of the stem-loop structure. WT1 has already been shown to interact with 3' UTR of mRNAs especially with secondary structures, stabilizing them (Bharathavikru et al., 2017), a significant proportion of these mRNAs regulate developmental processes. WT1 interacts with microRNA let-7 and facilitates its processing, suggesting a negative modulatory role in RNA turnover. The transient transfection of Wt1 in cells lacking its expression was sufficient to increase the microRNA levels. The results from the loss of function and gain of function studies reported here, support a posttranscriptional role for WT1 in microRNA processing.
The global sequencing experiment revealed different categories of correlation with microRNA and WT1 expression, with the largest category of correlated clusters that included several members of the let-7 microRNA family. Within these correlation clusters, it is also possible that there are microRNAs transcriptionally regulated by WT1, and further investigations are required to identify them. WT1 as a transcription factor is known to activate and repress gene expression (Hastie, 2017) . Further studies on WT1-RNA interaction could possibly highlight such a dual regulatory role in the RNA context as well.
WT1 interacts with the microRNAs as well as microRNA processing pathway protein components. The observation in Fig.1D points to a role for WT1 after the Dicer step in the microRNA pathway. The presence of the WT1-AGO complex, also suggests a role in the final steps of the microRNA pathway. Thus, WT1 role in the microRNA pathway seems to be in enabling the pre mature miRNA to be assembled into the functional RNA induced silencing complex. WT1 regulates gene expression through transcriptional and post transcriptional mechanisms. This is also evident when let7 targets are examined in the absence of Wt1 (Fig.4A ), when most of the genes show downregulation of expression. This can be attributed to the transcriptional role of WT1 and additional feedback loops that regulate microRNA pathways, which requires a detailed analysis.
The let-7 microRNA is regulated by the RBP, LIN28, which is essential for maintaining homeostasis. Lin 28 overexpression has been correlated to tumorigenesis (Viswanathan et al., 2009 ). In the cells that express WT1, we observe minimal changes in the LIN28 levels, however, there is a marked decrease in the let-7 levels. Since, the misexpression of lin28 or let-7 impacts cellular differentiation, WT1 mutations as well as the MIRPG mutations, all lead to a decrease in the let-7 levels, thus influencing nephron progenitor differentiation. In agreement with this, is the recent finding that the lin28-let-7 axis and the timing of let-7 expression regulates nephrogenesis (Yermalovich et al., 2019) . The RNA degradation pathway component, DIS3L2, that is involved in the lin28-let-7 axis, has also been previously shown to be one of the candidate mutations that leads to WT. Thus, perturbation of the microRNA let-7-lin28 pathway seems to be one of the key pathways that result in WT. The lin28-let-7-IGF is a well-established regulatory node in glucose metabolism they are tumour promoting, they do not result in WT. This is also evident in our study where the early kidney mesenchyme already shows an upregulation of the preprocessed form of microRNAs. WT is composed of heterogeneous cell populations that are part of the nephrogenesis pathway, and it has been hypothesized that there are cancer stem cells that lead to the manifestation of WT (Shukrun et al., 2014) . In this context, the microRNA pathway, especially the lin28-let-7 axis, could provide significant insight into the causative mechanisms and pathways that underlie WT.
There are multiple events that lead to WT, including the perturbation of the IGF2 signalling pathway (Bharathavikru and Hastie, 2018) . This occurs through genetic and/or epigenetic mechanisms including paternal disomy or loss of imprinting of the maternal allele. Recently, it has been shown that microRNA dysregulation can also relate to PLAG1 overexpression that leads to IGF2 upregulation, thus contributing to IGF1R is upregulated, suggesting an increase in the IGF signalling events (Fig. S4) .
Previously, it has been shown that in WT, genetic and/or epigenetic mechanisms lead to increased IGF2 expression, and IGF1R is also upregulated in WT through copy number gain and linked to the possibility of relapse (Natrajan et al., 2006) . We now show that, in addition to these events, WT1-mediated let-7 microRNA regulation and the downstream IGF1R upregulation also seems to be another perturbed node that, enhances the IGF signalling pathway and contributes towards the manifestation and pathology of WT. This needs to be addressed in a separate study, with an increased number of patient samples across different mutations and compared for the perturbation of the WT1-let-7-IGF1R axis. The microRNA pathway has been recently explored for early diagnostic purposes as well as therapeutic targeting.
Circulating microRNAs can be detected from body fluids at very initial stages of diseases and thus help with early detection (Wang et al., 2018) . However, the most promising therapeutic strategy seems to be the IGF signalling pathway. Incidentally, IGF1R has been tested as a therapeutic target in several cancers (Crudden et al., 2015) . Our study not only provides a mechanistic insight into the causes of WT but also suggests potential diagnostic and therapeutic strategies involving the microRNA let-7 and the IGF signalling pathway.
Methods:
FLASH and RIPseq: were performed as described earlier in Bharathavikru et al., 2017 . Briefly, cells were crosslinked either by UV followed by formaldehyde or formaldehyde alone and subjected to Immunopulldown of WT1-RNA complexes through an antibody against WT1. The immune complexes thus precipitated where subjected to adaptor ligation and sequencing to identify the RNA subtypes that are associated with WT1.
miRNA purification:
Total RNA from cell lines was isolated as per the manufacturers' protocols using the Qiagen mRNeasy kit. Total RNA from kidney mesenchyme was purified using TRIZOL and ethanol precipitation. RNA was quantified using nanodrop and agilent bioanalyzer to verify the concentration as well as the purity of isolated RNA. WT patient FFPE samples were processed for xylene deparaffinization, followed by miRNA purification following the manufacturers' protocol in the Qiagen FFPE miRNeasy kit.
miRNA northern blotting protocol:
miRNA was either selectively purified or total mRNA was used with probes specific for miRNAs to facilitate detection. DNA oligo was designed by using the template for antisense probe, synthesized oligo was resuspended in nuclease free water so as to obtain a 100µM stock solution. This oligo template was hybridized to T7 promoter primer and heated to 70ºC for 5mins followed by room temperature incubation for 5 minutes to facilitate hybridization. Hybridized oligo was processed for klenow filling using exo-klenow, incubated at 37ºC for 30mins followed by the transcription reaction catalysed by T7 RNA polymerase in the presence of labelled UTP.
For the process of northern blotting, 10% Urea-PAGE was used for electrophoresing 10µg of total RNA samples, were blotted onto Nylon membrane for 1 hour using TBE as the buffer. After transfer, the membrane was UV crosslinked and processed for prehybridization for atleast 4 hours at 40ºC in 10 ml of hybridization buffer. Following prehybridization, the labelled probe was added. After an overnight hybridization at 40ºC, the samples were washed with 50ml of pre-warmed wash buffer followed by exposure to phosphorimager and an autoradiogram. Quantification of signals was performed using Image J analysis software, wherein U6 RNA levels were used as the loading control to normalize and calculate the expression difference across the test samples.
Small RNA sequencing:
Total RNA equivalent to 1µg was ligated with the 3' RNA adapter with the help of the T4 RNA ligase 2 (deletion mutant) followed by ligation of the 5' RNA adapter using T4 RNA ligase. The adapter ligated RNA was then subjected to reverse transcription with Superscript II RT followed by PCR amplification. The amplified cDNA was electrophoresed on a 6% PAGE gel. Mature microRNA, which is approximately 22 bp, gives an adapter ligated fragment of approximately 147 bp. A second band of 157 bp corresponding to piRNAs, other small noncoding RNA arising from 30 bp small RNAs was also excised together to give rise to the pool of small RNA. Additionally, the pre-processed forms of microRNA that result in longer fragments of approximately 160 bp to 300 bp were excised together for the pool of pre-processed small RNAs. The gel purified cDNA libraries were validated and sequenced on an Illumina platform.
Dox inducible expression:
Mcherry tagged Wt1 construct was cloned into a plasmid with doxycycline inducible CAG promoter and sequence confirmed. Following transient transfection of Wt1 KO embryonic stem cells with the above construct, dox induction was performed at different time points using 1µg/ml doxycycline. Cells were checked under the microscope at different time points to confirm mcherry expression. Induction of WT1 expression was confirmed by qRT-PCR analysis and western blotting. Based on the above results it was confirmed that dox inducible Wt1 expression was evident from 4 hours by qRT PCR wheareas the mcherry expression could be detected clearly under the microscope following an overnight induction of approximately 8 hours with 1µg/ml dox. Wt1 KO ES cells were transiently transfected with the construct along with an mcherry alone expressing empty vector control. Following overnight transfection, the cells were induced with 1µg/ml dox and collected at the following time intervals, 0 hours, 4 hours, 12 hours and 24 hours of dox induction. Cells were always checked under a microscope for mcherry expression, the cells thus collected were processed for RNA isolation. Isolated RNA was quantified and subjected to cDNA synthesis for premicroRNA assessment as well as processed for northern blotting analysis to assess mature microRNA levels. The 12 hour and 24 hour post induction samples were also processed for small RNA sequencing. The sequenced miRNA was analysed as mentioned in Eminaga et al., 2013 .
qPCR for detection of miRNA:
Premature microRNA was quantified by designing primers against the full length of the premature microRNA. cDNA synthesis was carried out using total RNA and random primers. This was then processed for qPCR analysis using SYBR green based detection methods. Fold change was calculated by normalizing to U6 snRNA or 18S rRNA and then comparing the control (atleast n=2) to the mutant lines (atleast n=3).
For, mature microRNA expression, the clontech mir-X miRNA first strand synthesis and SYBR kit was used which involves an initial polyadenylation reaction and synthesis. MicroRNA detection was carried out by amplifying the cDNA with a 3' primer that recognizes the polyadenylated fragments and the specificity is brought about by a 5' microRNA specific primer (that corresponds to the entire mature microRNA sequence) and SYBR green based detection. Calculations were carried out as explained above. This methodology was used for detection of mature microRNA in the FACS sorted kidney mesenchyme tissue as well as the miRNA from the FFPE tissue.
Subcellular RNA fractionation:
The RNA fractionation was performed as per the manufacturers protocol using the Active motif, subcellular RNA isolation kit. Primer pairs specific for differentially localized RNAs were used to confirm the efficiency of fractionation. Data was normalized by comparing to the total RNA content from the same cells, and calculating the enrichment as percent input as follows, 100x(2 exp Ct total RNA -Ct RNA fraction). The above RNA samples were then subjected to immunopulldowns as described below.
RNA Immunopulldown (RIP):
RIP was performed as described (Bharathavikru et al., 2017) . Briefly, cells were formaldehyde crosslinked, and sonicated, followed by immuno pulldown with WT1 antibody. After overnight incubation and washes, samples were reverse cross linked, proteinase K treated and RNA was precipitated. Primer pairs specific for pre microRNAs and mature microRNAs were used with the clontech mir-X miRNA first strand synthesis and SYBR kit for detection of immune precipitated miRNAs.
Double RNA IP:
Cells were processed for RNA Immuno pulldowns by formaldehyde crosslinking, followed by lysis and sonication. Sonicated lysates were subjected to overnight IP with WT1 and IgG antibodies in RIP buffer. Bound immune complexes were washed with RIP lysis buffer and eluted with the same buffer, Eluted samples were processed for a second RNA immuno pulldown using AGO2 and IgG antibodies for 3 hours. 
Protein immunopulldowns (IPs):
Protein IP was performed as described in Bharathavikru et al., 2016. Briefly, cells were lysed in RIPA buffer and IPs with WT1 and control IgG antibodies was performed in the presence of RNase. Resulting immune complexes were then resolved on 10% SDS PAGE gels and processed for immunoblotting.
Immunoblotting analysis:
Protein lysates and immune complexes from IPs were electrophoresed on 10% SDS PAGE gels and probed with antibodies against WT1 (ab89901), AGO1 (CST 9388), 
